The line blot, a new immunoassay in which antigens are placed on nitrocellulose as narrow lines, was evaluated for its sensitivity and specificity relative to the microimmunofluorescence assay for the diagnosis of Mediterranean spotted fever (MSF). The line blot assay was only slightly less sensitive and less specific than the microimmunofluorescence assay for detection of immunoglobulin M (IgM) or IgG in 100 serum specimens from 42 patients with MSF. No line blot reactions were observed among 50 control serum specimens from febrile patients with other illnesses. The line blot assay was largely group reactive for spotted fever rickettsiae, but 26% of the positive serum specimens also cross-reacted by IgM with Rickettsia typhi. Western immunoblotting was used to characterize the antigenic components recognized by 19 MSF serum specimens. For both IgM and IgG, lipopolysaccharide was the cross-reactive group antigen, whereas the high-molecular-weight speciesspecific protein antigens (SPAs) were the only reactive proteins. Relative to the other nine rickettsiae, Rickettsia bellii was unique both in exhibiting no SPA reactions and in having a lipopolysaccharide with a predominantly high-molecular-weight distribution.
The line blot, a new immunoassay in which antigens are placed on nitrocellulose as narrow lines, was evaluated for its sensitivity and specificity relative to the microimmunofluorescence assay for the diagnosis of Mediterranean spotted fever (MSF). The line blot assay was only slightly less sensitive and less specific than the microimmunofluorescence assay for detection of immunoglobulin M (IgM) or IgG in 100 serum specimens from 42 patients with MSF. No line blot reactions were observed among 50 control serum specimens from febrile patients with other illnesses. The line blot assay was largely group reactive for spotted fever rickettsiae, but 26% of the positive serum specimens also cross-reacted by IgM with Rickettsia typhi. Western immunoblotting was used to characterize the antigenic components recognized by 19 MSF serum specimens. For both IgM and IgG, lipopolysaccharide was the cross-reactive group antigen, whereas the high-molecular-weight speciesspecific protein antigens (SPAs) were the only reactive proteins. Relative to the other nine rickettsiae, Rickettsia bellii was unique both in exhibiting no SPA reactions and in having a lipopolysaccharide with a predominantly high-molecular-weight distribution. Although most of the 19 MSF serum specimens examined by Western blotting exhibited preferential reactivity to SPAs of two strains of R. conorii and weaker reactions to the other rickettsiae, 2 serum specimens exhibited SPA reactions consistent with typhus infections. In comparison with other assays, the line blot and Western blot immunoassays have advantages which may permit an improvement in the general availability and commercialization of assays for the serodiagnosis of rickettsial infections.
Mediterranean spotted fever (MSF) is a tick-transmitted rickettsiosis caused by Rickettsia conorii. The disease is endemic in southern Europe, Africa, the Middle East, and the Indian subcontinent. For reasons which are poorly understood, the incidence of human disease has increased dramatically in Spain, France, Italy, and Israel during the past decade (21, 32, 40) . MSF has often been considered to be a mild, self-limiting, febrile exanthem not requiring treatment (25, 37) . Indeed, mild undiagnosed illness or asymptomatic cases may account for some of the widespread 7 to 26% seroprevalence rates found in some endemic areas (8, 10, 20, 22, 33, 36) . However, fulminant disease may occur in 1 to 6% of patients treated for MSF, and this form can be fatal (5, 9, 38, 39) . Clinical misdiagnosis of MSF is still common and may result in delayed treatment or use of inappropriate antibiotic regimens.
Confirmatory diagnosis of MSF is generally based on serologic procedures (6, 13, 35) which are very similar to those used for typhus or another spotted fever rickettsiosis, Rocky Mountain spotted fever (11, 12, 15-17, 24, 26-28) . However, the current serodiagnostic tests for MSF all have requirements or shortcomings which limit their usefulness. The Proteus OX19 and OX2 (Weil-Felix) febrile agglutination test is not very sensitive; it is not rickettsia specific, and the antibodies detected are largely of the immunoglobulin M (IgM) class and are produced for only a short time following infection (11, 16, 17, 35) . The rickettsial complement fixation test is very insensitive in the first 3 weeks postonset and is rather labor intensive; it cannot be used with anticomplementary sera, it is strongly IgG dependent, and it requires substantial quantities of antigen (17, 24, 27) . Rickettsial microagglutination assays are also insensitive and require large amounts of antigen, and the species-specific corpuscular antigens are difficult to prepare and stabilize (17, 24, 26, 27) . The latex agglutination assay for MSF is sensitive but detects IgM preferentially, uses a group-reactive rickettsial antigen, and cannot be used with lipemic sera (12, 14, 15, 31) . Rickettsial passive hemagglutination tests react like the latex agglutination tests but suffer from substantial problems associated with storage of the less stable carrier, the erythrocyte (17, 27, 31) . The microimmunofluorescence (MIF) assay can be used as an immunoglobulin class-specific test and is sensitive, but it requires a fluorescence microscope, which may not be available in developing countries or in field situations (17, 24, (26) (27) (28) (31) (32) (33) (34) (35) . In the recently developed immunoperoxidase assay, the fluorescence microscope is replaced by a light microscope (29) . Neither the MIF assay nor the immunoperoxidase assay requires much antigen, but the storage and handling of antigen are inconvenient, and when human sera are used, neither assay is species specific among the rickettsiae (13, 14, 26, 28) . For confirmation of the rickettsial species causing an infection, either multiple MIF or immunoperoxidase assay titers of the sera against different species are required (26, 28) or, preferably, the sera must be absorbed with different antigens and then titers must be determined. Neither method is convenient, and the quantities of antigen needed for absorption are prohibitive for general use. We believe that there is a need for new serodiagnostic assays for MSF which avoid some of the limitations of the current tests.
The major purpose of this work was to evaluate the sensitivity and specificity of a line blot assay for MSF. The line blot is an assay derived from the dot immunoassay which permits the very rapid simultaneous evaluation of the class-specific reactions of a serum against as many as 45 antigens ( conorii by MIF. The control patients were diagnosed as follows: infectious mononucleosis (n = 10), brucellosis (n = 3), cytomegalovirus (n = 7), Chlamydia trachomatis (n = 5), rubella (n = 6), hepatitis B (n = 5), measles (n = 6), typhoid (n = 2), and mumps (n = 6).
MIF. The MIF assay was conducted as described previously (31, 34, 35 ). An inoculum of 2 ml was placed in each of five T175 (Nunc, Roskilde, Denmark) tissue culture flasks containing 107 cells (irradiated 1 to 4 days previously) from which the tissue culture medium had been removed. The flasks were rocked gently on a platform rocker for 60 min, the inoculum was aspirated, and 35 ml of minimal essential medium with 5% fetal bovine serum, 2 mM Lglutamine, and 1% (vol/vol) nonessential amino acid stock added. When 20 to 100 rickettsiae per attached cell were observed by phase microscopy in the fluid phase (5 to 10 days postinfection), the tissue culture medium was decanted into 50-ml conical centrifuge tubes, which were centrifuged at 1,000 rpm for 10 min in an IEC PRJ centrifuge to pellet crude cell debris. The supernatant fluids were removed, the rickettsiae were pelleted at 17,500 x g for 15 min, and the clarified supernatant was carefully discarded. The small rickettsial pellets were then pooled, diluted in 40 ml of K36
buffer (42) , repelleted at 17,500 x g, and finally suspended in 0.5 or 1. (18) . Lines of individual rickettsial antigens were placed 0.5 cm apart. Nonspecific binding sites were blocked by placing the airdried nitrocellulose sheet in TBS (10 mM Tris hydrochloride [pH 7.5], 250 mM NaCl, 0.01% Merthiolate) with 5% nonfat dry milk for 1 h. Sheets were washed in TBS and then in water, air dried, and cut perpendicularly to the lines in 5-mm strips. The strips were then placed individually in 25 wells of milled acrylic incubation trays (Bio-Rad Laboratories, Richmond, Calif.) and incubated with 2 ml of sera which had been diluted 1:200 in TBS with 3% milk (TBSM). After 2 h at 30°C, the strips were rinsed in water and washed twice for 10 min in TBS. A 2-ml portion of horseradish peroxidaseconjugated, affinity-purified rabbit antibodies to human IgG (-y-chain specific, diluted to 1:1,000 in TBSM), or IgM (,u-chain specific, diluted to 1:3,000 in TBSM) (CalbiochemBehring, La Jolla, Calif.) was then incubated with the strips for 2 h at 30°C. Finally, the strips were rinsed in water and washed three times for 10 min each in TBS. Bound enzyme was detected by reaction with 0.015% 4-chloro-1-naphthol-0.015% hydrogen peroxide in 16.7% methanol in TBS for 10 min. The strips were thoroughly washed in water and air dried between sheets of filter paper, and the reactions were observed and recorded.
Western blot immunoassay. Rickettsial antigens were solubilized at room temperature in 50% Laemmli solubilizer (see above) (18 4 h with a 25 mM NaH2PO4 (pH 7.5) buffer. After air drying, nonspecific sites on the nitrocellulose were blocked for 2 h with TBS containing 5% nonfat dry milk. The sheets were again air dried and then cut into two sheets of 10 identical lanes by using the methyl green marker. Immunodetection was conducted precisely as described for the line blot immunoassay, with the same reagents but using 25-ml volumes per half gel sheet. Lipopolysaccharide (LPS) antibody reactions were identified by their characteristic multiband washboard patterns and resistance to proteinase K digestion (2, 7, 14) and by the cross-reactivity of a subset of these antibodies with purified LPSs of Proteus spp., Legionella spp., and typhus rickettsiae (41; G. A. Dasch, unpublished observations). Protein reactions were localized to single bands stainable with Coomassie blue and were proteinase K sensitive. Their molecular weights corresponded to those of proteins studied previously with monoclonal antibodies and identified as the major species-specific protein antigens of the rickettsiae (1-4, 7, 19, 23 ).
RESULTS
Line blot immunoassay. The line blot immunoassay was evaluated with a serum dilution of 1:200 to minimize the volume of serum required (20 ,u1 for both IgM and IgG assays) but particularly to permit direct comparison with the Western blot assay, which requires a larger volume (0.25 ml) of serum. With well-characterized MIF-positive sera, this serum dilution gave strong positive violet line blot reactions on a white background (Fig. 1, lanes c to i) . No false-positive reactions were detected among the 50 control serum specimens from febrile patients without MSF (negative control reactions were entirely comparable to the nonreactive MSF serum reactions shown in Fig. 1, lanes a, b, and j with 100 MSF serum specimens ( This may be an unfair comparison, since the line blot data were obtained at a 1:200 dilution. However, although the apparent sensitivity of both the IgM and IgG line blot assays was better when the line blot analysis was compared with a more comparable MIF cutoff of >64, more apparent falsepositive reactions were detected and the assay specificity declined, without any overall effect on the assay efficiency (Table 4) . When seroconversions of 28 paired MSF serum specimens were examined, 2 false-negative and 3 falsepositive results were obtained in both the IgM and IgG line blot assays relative to MIF (Table 3) . With these data, both the IgM and IgG line blot assays again exhibited lower sensitivity and specificity than the MIF assay did (Table 4) . Western blot immunoassay. With the exceptions of R. typhi and R. bellii LPS patterns, only subtle differences in the Western blot reaction patterns of the rickettsiae were observed in either the IgM or IgG assay (Fig. 2, Table 5 ). The R. typhi LPS pattern had a somewhat different molecular weight distribution from that of the eight spotted fever group rickettsiae (Fig. 2) and exhibited the least frequent (often weak) IgM reaction and only the rare IgG reaction ( Table 5 ). R. bellii LPS was also less frequently detected than the other spotted fever group rickettsiae (Table 5) , particularly by the IgG reaction (Fig. 2B) , and exhibited a distinctive high-molecular-weight bias in its molecular weight distribution ( Fig. 2A) . Protein reactions were restricted almost exclusively to the high-molecular-weight species-specific protein antigens (SPAs), which appear to be dominant protein immunogens in both typhus and spotted fever group rickettsiae (1-4, 7, 19) . Although such protein reactions were detected with nearly the same frequency as LPS reactions by either IgM or IgG (Table 5) , both the number of protein cross-reactions (Table 5 ) and the strength of the cross-reactions (Fig. 2) were more specific than found for LPS. R. typhi exhibited substantially fewer protein reactions than were found with LPS in the IgM class but more by IgG. In contrast, R. bellii, which does not appear to have a protein corresponding to the typhus and spotted fever group SPAs, had no IgM or IgG protein reactions (Table 5) . Among the spotted fever group rickettsiae, the frequency and strength of protein reactions were greatest against both R. conorii strains, somewhat weaker with comparable reactions against a group including R. rickettsii, Thai tick typhus, R. sibirica, and Israeli tick typhus, and least with with the genetically most distant R. akari and R. australis (Table 5) . DISCUSSION From our results we can draw three major conclusions about the line blot assay for MSF. First, the line blot assay has sensitivity and specificity similar to those of the MIF assay, but it uses a much lower concentration of serum. In our experience, as noted by Hechemy et al. (12) , a weak reaction at a titer of 32 to 64 is not specific, since in southern France about 16% of blood donors have MIF reactions at this level (33, 36) . Only 2% of blood donors were positive at an MIF titer of 128, and none were positive at an MIF titer of 256. If an MIF IgM titer of 128 is presumed diagnostic of past disease, and assuming there are no false-positive fine blot reactions at a serum dilution of 1:200, the line blot is actually more sensitive with the 100 serum specimens than the MIF assay is; the assays are equally sensitive if an MIF titer of 64 is considered diagnostic, and the line blot is slightly less sensitive if a titer of 32 is used. With IgG the trends are similar, but there are slightly fewer differences between the two assays, particularly when analyzed by patient. Whether nonspecific reactions at higher concentrations of serum or greater antigen deposition would permit the line blot to greatly exceed the MIF standard for sensitivity without a large loss in specificity is unknown at present.
Second, the present line blot assay is no more species specific than most of the other rickettsial tests are. LPS is a major immunogen for humans in all the rickettsioses; it is known to be a group antigen for typhus and spotted fever group rickettsiae, and it also contains determinants which cross-react between the two groups and with Proteus strains OX2 and OX19 and Legionella bozemanii (41, 43 Third, the line blot assay is far superior to the other tests in its ability to screen reactions of many sera against a large number of antigens with a minimum of effort and negligible equipment. Indeed, it is entirely possible to screen each serum specimen against the whole-cell antigens, purified LPS, and purified SPAs of 15 rickettsiae at the same time. Other bacteria or additional rickettsiae can also be included if duplicate assays are run on separate strips. Some other potential benefits of the line blot assay were not evaluated in the present study. For example, the line configuration of the assay should be highly suited to automated preparation of test antigen strips on nitrocellulose and to automated densitometric quantification or possibly even bar code reading of the results. The major current impediment to further development and widespread use of the assay may be difficulties in production and standardization of the antigens used in the assay. This problem is hardly unique to the line blot assay, since it is also encountered with the other rickettsial immunodiagnostic assays. We are currently developing and evaluating monoclonal antibodies against both cross-reactive LPS determinants and species-specific epitopes of SPAs as reagents for standardizing the antigen quantity and quality. It is hoped that current efforts to clone and sequence the SPAs of rickettsiae (23; M. E. Dobson and G. A. Dasch, submitted for publication) will permit the use of recombinant protein products or synthetic peptides corresponding to species-specific regions as antigens in the line blot assay.
Since only 19 of the 77 MSF serum specimens exhibiting MIF IgM or IgG titers of >32 (generally ones with definitive MIF titers) were evaluated by Western blotting, it was not possible to make a full quantitative evaluation of the relative sensitivity of Western and line blot assays. However, possibly because the immunoreactive antigens are separated from nonreactive material and concentrated in narrow bands in the Western blotting procedure, whereas they remain unfractionated in the line blot, more species were detected and the results were more definitive by Western blotting than by line blotting for both IgM and IgG. In addition to confirming the LPS nature of the cross-reactions observed with these sera, the primary use of the Western blot was in permitting the first analyses of the reactivity of human MSF sera with the SPAs of a large number of spotted fever group rickettsiae. Studies with monoclonal antibodies and hyperimmune animal antisera have shown that these proteins have both cross-reactive and species-restricted and, in some cases, even strain-restricted epitopes (1-4, 7, 19) . The majority of MSF sera reacted most strongly against the homologous R. conorii SPAs ( Fig. 2B ; Table 5 ), but weaker reactions indicative of cross-reactive SPA epitopes were also present. One major exception is worth noting further. In Fig. 2A , a reaction completely compatible with that of sera from patients with murine typhus was found. The typhus SPA reacted more strongly than any of the spotted fever group rickettsiae. This 27, 1989 on August 14, 2017 by guest http://jcm.asm.org/
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Consequently, at least 2 of the 19 serum specimens may have actually been from typhus infections (Table 5 ) rather than MSF, while the other serum specimens have reactions with R. typhi which are more consistent with the weak reactions observed against epitopes shared on the SPAs and LPS of both typhus and spotted fever group rickettsiae (compare Fig. 2A and B ) (Raoult and Dasch, in preparation). The Western blot may be a suitable alternative to current methods for establishing the rickettsial species causing a rickettsiosis, but this possibility requires much more detailed study.
In conclusion, the line blot assay appears to be most useful for large-scale screening of sera when quantitative titers are not needed and when tests against a large number of agents are required. Although nitrocellulose sheets for rickettsial line blot and Western blot assays could be prepared easily in quantity in a centralized laboratory and disseminated to individual medical offices or clinical laboratories for use, these assays would be unlikely to replace current assays where they are now readily available in a timely clinical setting. However, most use of the current tests is strictly retrospective and they are not widely done, and so these new tests may have sufficient advantages in simplicity, cost, and speed that they might be welcomed clinically. Indeed, the exceptional stability of the antigens on the nitrocellulose (data not shown) and the simplicity of their storage are particularly advantageous in situations in which such assays are performed infrequently. Positive presumptive tests by line blot or Western blot or both could then be confirmed by a reference method or sent to a reference laboratory. The format of the line blot assay may also be particularly useful for screening the many antigens that might be considered in cases with nonspecific or atypical clinical presentations. We thank Emilio Weiss for his helpful comments on the manuscript and Walter G. Sewell and Richard Grays for their technical assistance.
